Drought is a major limiting factor for crop production. To identify critical genes for drought resistance in rice (Oryza sativa), we screened T-DNA mutants and identified a drought-hypersensitive mutant, dsm2. The mutant phenotype was caused by a T-DNA insertion in a gene encoding a putative b-carotene hydroxylase (BCH). BCH is predicted for the biosynthesis of zeaxanthin, a carotenoid precursor of abscisic acid (ABA). The amounts of zeaxanthin and ABA were significantly reduced in two allelic dsm2 mutants after drought stress compared with the wild type. Under drought stress conditions, the mutant leaves lost water faster than the wild type and the photosynthesis rate, biomass, and grain yield were significantly reduced, whereas malondialdehyde level and stomata aperture were increased in the mutant. The mutant is also hypersensitive to oxidative stresses. The mutant had significantly lower maximal efficiency of photosystem II photochemistry and nonphotochemical quenching capacity than the wild type, indicating photoinhibition in photosystem II and decreased capacity for eliminating excess energy by thermal dissipation. Overexpression of DSM2 in rice resulted in significantly increased resistance to drought and oxidative stresses and increases of the xanthophylls and nonphotochemical quenching. Some stress-related ABAresponsive genes were up-regulated in the overexpression line. DSM2 is a chloroplast protein, and the response of DSM2 to environmental stimuli is distinctive from the other two BCH members in rice. We conclude that the DSM2 gene significantly contributes to control of the xanthophyll cycle and ABA synthesis, both of which play critical roles in the establishment of drought resistance in rice.
Abiotic stresses such as drought, salinity, and adverse temperatures are major limiting factors for plant growth and reproduction. To respond to environmental cues, plants have evolved a variety of biochemical and physiological mechanisms to adapt to adverse conditions during their growth and development (Boyer, 1982) . Abscisic acid (ABA) has been recognized as a stress hormone that coordinates the complex networks of stress responses. Under drought or salt stress conditions, plant endogenous ABA level can rise to about 40-fold, triggering the closure of stomata and accumulating reactive oxygen species (ROS), dehydrins, and late embryogenesis abundant proteins for osmotic adjustment (Verslues et al., 2006) . The endogenous ABA level is determined by ABA biosynthesis, catabolism, and release of ABA from ABA-Glc conjugates (Nambara and Marion-Poll, 2005; Lee et al., 2006) . Therefore, identification of all the components affecting active ABA content is essential for a complete understanding of the action of the hormone.
Numerous ABA biosynthetic genes have been identified through mutant analysis, such as maize (Zea mays) viviparous mutants vp2, vp5, vp7, vp9, vp14, w3, y3 , and y9 (Schwartz et al., 1997; Hable et al., 1998; Singh et al., 2003) ; rice (Oryza sativa) preharvestsprouting mutants psh1, psh2, psh3, and psh4 (Fang et al., 2008) ; sunflower (Helianthus annuus) nondormant mutant nd-1 (Conti et al., 2004) ; Arabidopsis (Arabidopsis thaliana) ABA-and nonphotochemical quenching (NPQ)-deficient mutants aba1, aba2, aba3, aba4, npq1, npq2, b1, b2, and nced3 (Havaux et al., 2000; Xiong et al., 2001; Tian et al., 2003; Barrero et al., 2005; Kim and DellaPenna, 2006; North et al., 2007) ; and tomato (Solanum lycopersicum) white-flower mutant wf (Galpaz et al., 2006; Supplemental Fig. S1 ). The mutants unable to biosynthesize carotenoid precursors for en-dogenous ABA synthesis often produced preharvestsprouting seeds and wilted or white leaves (Gubler et al., 2005; Nambara and Marion-Poll, 2005; FinchSavage and Leubner-Metzger, 2006) .
ABA biosynthesis initiates with the synthesis of a C5 building block, isopentenyl pyrophosphate, and its isomer dimethylallyl pyrophosphate through a plastid methylerythritol phosphate pathway (Eisenreich et al., 2001; Hunter, 2007) . The three isopentenyl pyrophosphate molecules are then added to dimethylallyl pyrophosphate by geranylgeranyl diphosphate synthase to produce C20 geranylgeranyl diphosphate. Two geranylgeranyl diphosphates are condensed by a committing enzyme, phytoene synthase, to produce colorless C40 carotenoid phytoene, which is then desaturated and isomerized into red-colored lycopene by phytoene desaturase (PDS), z-carotene desaturase (ZDS), and Z-ISO and CRTISO isomerases in plants (Isaacson et al., 2002; Park et al., 2002) . Subsequently, several cyclization and hydroxylation reactions take place to yield a-carotene and b-carotene (Li et al., 1996; Hable et al., 1998; Park et al., 2002; Miki and Shimamoto, 2004; Fang et al., 2008) . Heme-type cytochrome P450-type CYP97 and non-heme-type b-carotene hydroxylase (BCH) are primarily responsible for the hydroxylation of a-carotene and b-carotene to produce lutein and zeaxanthin, respectively. Zeaxanthin, an important component of the xanthophyll cycle, is epoxidated by zeaxanthin epoxidase to produce violaxanthin, and this reaction can be reversed by violaxanthin deepoxidase to increase the xanthophyll cycle for plants to adapt to high-light stress (Johnson et al., 2008) . Neoxanthin synthase converts violaxanthin into neoxanthin (North et al., 2007) . In chloroplast, 9-cisepoxycarotenoid dioxygenase (NCED) cleaves violaxanthin and neoxanthin to produce xanthoxin, the direct substrate for ABA synthesis via ABA aldehyde (Schwartz et al., 1997 (Schwartz et al., , 2003 Xiong and Zhu, 2003) . Increasing evidence suggest that the endogenous ABA level is fine-tuned by differential regulation of the multiple steps of ABA biosynthesis (Seo and Koshiba, 2002; Nambara and Marion-Poll, 2005; DestefanoBeltrán et al., 2006; Thompson et al., 2007; Rodríguez-Gacio et al., 2009; Supplemental Fig. S1 ).
The xanthophyll cycle (light-dependent reversible conversion between violaxanthin and zeaxanthin) is involved in photoprotection in PSII by regulating the nonradiative dissipation of excess absorbed light energy as heat (Gilmore et al., 1994) . Mutants with defects in the xanthophyll cycle exhibit a weak photoprotective ability and produce ROS such as hydrogen peroxide (H 2 O 2 ) when the absorption of light energy exceeds that consumed for photosynthesis (Niyogi, 1999) . Under dehydration stress, electrons at a high energy state can easily form ROS, which are toxic to proteins, DNA, and lipids (Mittler, 2002; Apel and Hirt, 2004) . However, plants have evolved a variety of biochemical and physiological mechanisms to scavenge ROS, thus maintaining a balance between ROS production and scavenging (Mittler et al., 2004 ).
An association between the xanthophyll cycle and stress tolerance has been reported in plants. In Arabidopsis, overexpression of a bacterial BCH gene caused a specific 2-fold increase in the size of the xanthophyll cycle and enhanced photooxidative tolerance (Davison et al., 2002) . Constitutive overexpression of a bacterial BCH gene, crtZ, in tobacco (Nicotiana tabacum) led to increased zeaxanthin synthesis and enhanced UV light tolerance (Götz et al., 2002) . In Arabidopsis, zeaxanthin synthesis can be catalyzed by both heme-type CYP97 hydroxylases LUT1 and LUT5 and non-heme-type hydroxylases BCH1 and BCH2, and these two types exhibit some overlapping activities (Tian et al., 2003 Kim and DellaPenna, 2006) . In contrast to the intensive molecular and genetic studies of BCH in Arabidopsis, the counterpart in economically important crops such as rice has not been identified.
In this study, we characterized the rice droughtsensitive mutant dsm2, impaired in the gene DSM2 encoding a BCH. Our results demonstrate that DSM2 acts as a putative enzyme catalyzing the biosynthesis of zeaxanthin, one of the precursors of ABA that participates in the process of NPQ. Decreases of NPQ, maximal efficiency of PSII photochemistry (F v /F m ), xanthophylls, and ABA in the dsm2 mutant suggest that the drought hypersensitivity of dsm2 is due to the combination of impairments in the xanthophyll cycle and ABA synthesis under drought stress conditions. DSM2 overexpression lines, possessing high F v /F m and NPQ, showed significantly improved drought resistance at both seedling and reproductive stages. Furthermore, our results imply that DSM2 may be the major member of the BCH family in rice for controlling zeaxanthin synthesis in response to dehydration stresses.
RESULTS

Identification of the Drought-Hypersensitive Mutant dsm2 in Rice
To identify critical genes required for drought resistance in rice, we screened T-DNA insertion mutants in the background of japonica Zhonghua11 (ZH11) rice, selected from the Rice Mutant Database (Wu et al., 2003; Zhang et al., 2006) , for drought resistance under field conditions. One of the drought-hypersensitive mutants showing drought sensitivity at both the seedling and panicle development stages, designated as dsm2-1, was further characterized in this study. Flanking sequence analysis indicated that a gene (LOC_ Os03g03370) encoding a putative BCH (named DSM2/ OsBCH1) belonging to the BCH family was interrupted (Fig. 1A) . This gene was also named OsHYD3 (Vallabhaneni et al., 2009) . We collected an allelic mutant of the OsBCH1 gene (Hwayoung background), named dsm2-2, from the POSTECH Rice T-DNA Insertion Sequence Database Jeong et al., 2006) . The T-DNA insertion sites of dsm2-1 and dsm2-2 are located in the third intron and the first exon, respectively. Transcript analysis suggested that the expression of DSM2 was abolished in the two allelic dsm2 mutants (Fig. 1B) . Under normal conditions, the homozygous mutants showed no obvious phenotypic change compared with the wild-type genotype segregated from the heterozygous mutant (Supplemental Fig. S2 , A and C). To verify the drought-sensitive phenotype, mutant and wild-type plants at the four-leaf stage grown in sandy soil were subjected to drought stress. Under the moderate stress condition, the dsm2 mutant lines wilted faster than the wild type. After severe drought stress treatment followed by rewatering, almost all the mutant plants died, whereas wild-type plants had a significantly higher survival rate (Fig. 1C) . Cosegregation analysis also suggested that the drought sensitivity was due to the T-DNA insertion in the OsBCH1 gene (data not shown). The dsm2-1 mutant was also more sensitive than the wild type to salt stress (Supplemental Fig. S3 ), but no significant difference was observed under cold or heat shock stress (data not shown).
Drought sensitivity of the dsm2-1 mutant was also tested at the reproductive stage by growing the mutant and the wild type in a paddy field facilitated with a removable rain-off shelter and in polyvinyl chloride (PVC) tubes filled with sandy soil, as described previously (Hu et al., 2006; Yue et al., 2006) . During the course of drought stress development, dsm2-1 showed wilting earlier than the wild type (Supplemental Fig.  S2F ). After moderate drought stress in the PVC tubes, the total grain yield of dsm2-1 was reduced by about 52% compared with the wild type, and the pollen fertility of dsm2-1 (23%) was also significantly lower than that of the wild type (58%; Fig. 1D ). The root depth and volume of dsm2-1 were significantly reduced compared with the wild type (Fig. 1D) , and contents of chlorophyll and Pro in dsm2-1 were also reduced prominently (Supplemental Fig. S2I ). After severe drought stress applied at the panicle development stage in the field, the spikelet fertility, root volume, grain yield, and biomass were markedly decreased in the mutant compared with the wild type (Fig. 1D) , and the photosynthesis rate was significantly lower in the dsm2-1 mutant than in the wild type (Supplemental Fig. S2I ). These results suggest that the reduced yield and biomass of dsm2-1 may be partially due to the reduced root growth, pollen fertility, and photosynthesis rate under drought stress. , dsm2-1, Hwayoung, and dsm2-2. Actin1 was used as an internal control. C, Drought-sensitive phenotype of the two allelic mutants at the four-leaf stage (i, iv) and the heading stage (ii, v). The photographs were taken after severe drought stress followed by recovery (see "Materials and Methods"). Root was also photographed after the stress at the heading stage (iii, vi). WT', Wild-type genotype segregated from the heterozygous dsm2 mutant. D, Evaluation of the drought sensitivity of the mutants in terms of spikelet fertility, root volume, seed-setting rate, and biomass under moderate drought stress (M-DR) and/or extreme drought (Ex-DR) at the heading stage. Values are means 6 SD (n = 4). ** P , 0.01 (t test).
Overexpression of DSM2 Significantly Improves Drought Resistance
The drought-hypersensitive phenotype of the dsm2 mutant suggested that DSM2 is essential for drought resistance in rice. To test whether DSM2 overexpression has a significant effect on improving drought resistance, the full-length cDNA of DSM2 under the control of the cauliflower mosaic virus 35S promoter ( Fig. 2A) was transformed into japonica rice ZH11. Northern-blot analysis of all 17 independent transgenic lines identified five independent transgenic lines showing overexpression of the DSM2 gene (Fig. 2B) , and the result was confirmed by real-time PCR (Supplemental Fig. S4A ). Three positive transgenic lines (O11, O13, O17) and three negative transgenic lines (O2, O3, O4) were tested for drought resistance at the four-leaf stage in barrels and at the reproductive stage in PVC tubes. After severe drought stress (no watering for 1 week), the overexpression lines had a significantly higher survival rate (approximately 74%) than the negative control (completely died; Fig. 2 , C and D; Supplemental Fig. S4D ). After drought treatments at the reproductive stage, the overexpression lines had more green leaves and higher spikelet fertility than negative transgenic lines (Supplemental Fig. S4 , B and C). The overexpression lines had less oxidative damage on the leaves and higher seed-setting rates than the negative control (Fig. 2, E and F) . These results suggest that overexpression of DSM2 has a significant effect on the improvement of drought resistance in rice.
Expression Profiles of DSM2
As dsm2 showed hypersensitivity to drought stress, we examined the expression level of DSM2 under drought as well as other treatments, including cold, heat, salt, light, UV light, and ABA, at the seedling stage (Fig. 3A) . The DSM2 transcript level was induced (7-to 9-fold) by drought and salt treatments and slightly induced by ABA. However, DSM2 was not induced by the other treatments (and was actually slightly suppressed by cold stress). These results seem to be consistent with the role of dsm2 phenotypes in stress responses and imply that DSM2 may function mainly in drought and salt stress responses.
To investigate the tempospatial expression pattern of DSM2, the GFP reporter gene under the control of the DSM2 promoter was transformed into ZH11 rice. A strong GFP signal was observed in the stamen, plumule, hull, pistil, mature leaf, and root, and a weak GFP signal was detected in calli, young shoot and root, and endosperm (Fig. 3B) , suggesting an organ/ tissue-dependent differential expression pattern of DSM2 in rice. When transgenic plants were drought stressed to leaf rolling, strong induction of GFP was observed in leaves, especially in vascular bundles (Fig. 3B ).
Functional Analysis of DSM2 Featuring a BCH
DSM2 is predicted to encode a putative BCH of 285 amino acids with a predicted molecular mass of 31.46 kD. We tried to examine the enzymatic activity of DSM2 in vitro by expressing the DSM2-GST in Escherichia coli, but the recombinant protein was mainly in the insoluble extract, which prevented the enzymatic assay. It has been suggested that carotenoid synthesis occurs in chloroplast (Bick and Lange, 2003) . To determine the subcellular localization of DSM2, the open reading frame of DSM2 was fused in frame to the GFP Figure 2 . Improved drought resistance of DSM2-overexpressing transgenic rice. A, Schematic diagram of the overexpression construct. LB, Left border; RB, right border. B, Northern-blot analysis of transgenic plants using DSM2-specific cDNA as a probe. C, Appearance of one negative (O3) and one positive (O11) transgenic line at the seedling stage before and after drought stress. D, Appearance of the transgenic lines in PVC tubes after severe drought stress at the reproductive stage. E, Diaminobenzidine staining of drought-stressed leaves of the O3 and O11 transgenic lines at the reproductive stage. F, Spikelet fertility (seedsetting rate) of three negative (O2, O3, O4) and three positive (O11, O13, O17) transgenic lines after severe drought stress at the reproductive stage. Values are means 6 SD (n = 12). ** P , 0.01 (t test).
reporter gene under the control of the 35S promoter and transformed into Arabidopsis mesophyll protoplasts. The fluorescence was observed only in the chloroplast (Fig. 4A ). To confirm the chloroplast localization of DSM2 in plants, the open reading frame of DSM2 fused with the FLAG tag under the control of the maize ubiquitin promoter was transformed into ZH11 rice (Fig. 4B) . The chloroplast proteins of positive and negative transgenic plants were extracted for western blot with antibody against the FLAG tag, and the result showed that the DSM2-FLAG protein existed exclusively in chloroplast protein (Fig. 4C) .
To further clarify the function of DSM2, we checked the composition of carotenoids and ABA in the DSM2 overexpression and dsm2-1 mutant plants. Under normal conditions, the level of xanthophyll, a product of BCH, was significantly reduced (59% of the wild type) in the mutant (Table I) . However, lycopene and b-carotene were accumulated at levels 1.2-and 1.7-fold higher in dsm2-1 than in the wild type (Table I) . Lutein, a product of a-carotene hydroxylase, accumulated at a level 1.3-fold higher in the mutant than in the wild type. After moderate drought stress, the xanthophyll level was significantly reduced in the mutant, but lycopene and b-carotene contents were slightly increased in the mutant compared with their controls ( Table I ). Considering that DSM2 was induced dramatically by drought, DSM2 may be a major player in the OsBCH family for producing xanthophyll under drought stress. In the DSM2 overexpression lines, the xanthophyll level was increased by 1.4-fold compared with the control after the stress, but there was only a slight decrease in the amount of lycopene and b-carotene compared with the negative transgenic control, presumably owing to the increased conversion of b-carotene to zeaxanthin rather than to lutein (Table I) . These results were consistent with the predicted function of DSM2 as a BCH.
We also measured the endogenous ABA level in the dsm2-1 mutant, and the result showed that the ABA content was slightly lower than in the wild type before stress but was significantly (P , 0.01) lower than in the wild type after drought stress (Table I ). This result suggested that DSM2 contributes significantly to ABA synthesis, especially under drought stress, at the step of zeaxanthin synthesis. However, the ABA level was not significantly enhanced in the DSM2 overexpression lines. 
DSM2 Contributes to Photosynthetic Efficiency and NPQ Capacity
Due to the photoprotective function of xanthophylls, plants deprived of zeaxanthin often suffered from photobleaching damage (Niyogi, 1999; Tian et al., 2003) . To determine the effect of reduced xanthophylls in the dsm2 on F v /F m and NPQ, chlorophyll fluorescence was measured in rice seedlings of a reference mutant, phs3-1 (impaired in the synthesis of lycopene), the two allelic dsm2 mutants, and the DSM2 overexpression line. The dsm2 and phs3-1 mutants showed significantly slower induction and lower amplitude of NPQ compared with the controls, whereas the overexpression line showed slightly higher NPQ induction than the control (Fig. 5A) . The dsm2 and phs3-1 mutants also had significant lower F v /F m ratios than their controls, while the overexpression line showed an increased F v /F m ratio compared with the negative transgenic control (Fig. 5B) , suggesting that the change in the xanthophyll cycle has a significant effect on the transfer efficiency of absorbed light energy to the PSII reaction center. This result is consistent with the predicted outcome of the reduced xanthophyll cycle in the dsm2 mutants and with a previous report on the reduced F v /F m and NPQ in phs3-1 (Fang et al., 2008) .
Increased Sensitivity of dsm2 to Oxidative Stress
A decrease in the xanthophyll cycle can lead to increased vulnerability of plants to oxidative damages (Davison et al., 2002) . We detected a significantly higher level of malondialdehyde, an important intermediate in ROS scavenging that is toxic to plant cells if overaccumulated (Mittler, 2002; Apel and Hirt, 2004) , in the dsm2-1 mutant than in the wild type after drought stress (Fig. 6A) . We also measured superoxide dismutase (SOD) activities in the soluble proteins extracted from dsm2 and the wild type before and after drought stress. Compared with the wild type, the SOD activity in the mutant was slightly higher before the stress but was significantly reduced after the stress (Fig. 6B) .
We tested the response of the dsm2 mutant to oxidative stress by application of methylviologen (MV), which is a well-known oxidative stress inducer that inhibits electron transport during photosynthesis and generates H 2 O 2 in chloroplasts under light (Cheng, 2006) . Two days after 30 mM MV treatment, necrosis was observed on the leaves of dsm2-1 and dsm2-2, whereas all the leaves of the wild type remained green. A significant reduction of chlorophyll content was also detected in the mutants (Fig. 6 , C and E; Supplemental (Fig.  6D) . These results suggested that the enhanced sensitivity of the dsm2 mutant to oxidative stress may result from a reduced ROS-scavenging ability. To confirm this, seedlings of dsm2-1, DSM2 overexpression line, and the wild type at the two-leaf stage were exposed to UV irradiation for 20 h, a condition that can also lead to oxidative stress. The result showed that the mutant was more sensitive to the UV light-stimulated oxidative stress than the wild type, as indicated by more severe growth inhibition and necrosis ( Fig. 6F ; Supplemental Fig. S5 ). In contrast, the DSM2 overexpression transgenic plants grew significantly better and had higher SOD activity than the control after UV light stress (Fig. 6, G and H) . These results further establish the importance of DSM2 in oxidative stress resistance.
Decreased Stomatal Closure and Increased Water Loss of the dsm2 Mutant under Dehydration Stress
It is well recognized that ABA promotes stomatal closure to avoid water loss under drought stress. Because dsm2 was partially impaired for the biosynthesis of an ABA precursor and ABA content was also reduced in the dsm2 mutant, we measured the water loss rate of detached leaves in wild-type and dsm2 plants. The dsm2 mutant lost water slightly faster than the wild type (Fig. 7A) . We also recorded lower relative water content in the dsm2-1 leaves than in the wild type under drought condition (Fig. 7B) . However, compared with the control, the DSM2 overexpression line showed no significant difference in water loss rate (Fig. 7A) or relative water content (data not shown). This result prompted us to check the density and aperture of stomatal pores, and we observed that significantly (P , 0.01) more stomatal pores were opened in the dsm2-1 mutant under drought stress conditions (Fig. 7, C and  D) . In contrast, the DSM2 overexpression line showed no significant difference in the density and aperture of stomatal pores (data not shown).
Knockout of DSM2 Influences the Transcript Levels of Some Stress-Related Genes
To gain further insight into the mechanism of the drought sensitivity of dsm2, transcript levels of 16 wellcharacterized stress-responsive genes were checked in the dsm2-1 mutant and DSM2 overexpression lines under normal and drought stress conditions. Three bZIP (for basic leucine zipper) transcription factor genes that have been proposed to mediate dehydration responses, OsTRAB1, OsbZIP23, and OsbZIP72 (Kobayashi et al., 2005; Xiang et al., 2008; Lu et al., 2009) , were slightly down-regulated and up-regulated, respectively, in the dsm2-1 mutant and the DSM2 overexpression line after the drought stress (Fig. 8) . Two peroxidase genes, POX22.3 and POX8.1, that are induced by drought stress (Ning et al., 2010) showed significantly stronger induction by drought stress in the overexpression line compared with the wild type and the mutant (Fig. 8) . ABA accumulation often leads to feedback regulation of the expression of ABA synthesis genes . Therefore, we checked a few genes involved in ABA biosynthesis, including OsPDS, OsZDS, OsCRTISO, OsLCY, OsTATC/ZEP, and OsNCED4 (for their positions in the pathway, see Supplemental Fig. S1 ), and found that only the immediate upstream gene OsLCY was significantly affected (down-regulated in the mutant and up-regulated in the overexpression line) under nonstress conditions. The expression levels of the genes positioned far upstream or downstream of the b-carotene hydroxylation step, such as OsPDS, OsZDS, OsCRTISO, and OsNCED4, were essentially unaffected in either the mutant or the overexpression line under normal conditions. After drought stress, only OsLCY and OsTATC showed obvious feedback regulation (stronger induction in the overexpression line but weaker induction in the mutant), whereas the other genes for carotenoid biosynthesis showed no obvious feedback regulation either in the dsm2-1 mutant or in the overexpression line (Fig. 8) . We also checked a few well-characterized drought resistance-related genes (e.g. OsSNAC1, OsSKIPa, OsRAB16b, OsPP2C, OsP5CS, OsRD22), but all of them showed no significant difference in transcript levels in either the mutant or the overexpression line compared with the control under both normal and drought stress conditions. These results suggest that disruption of DSM2 only affects the expression of some stress-responsive genes and the genes immediately upstream or downstream of the b-carotene hydroxylation step for ABA synthesis. ). B, Maximal efficiency of PSII photochemistry (F v /F m ). Lines are as follows: 1, XS11; 2, phs3-1; 3, ZH11; 4, dsm2-1; 5, Huayang; 6, dsm2-2; 7, negative transgenic line; 8, DSM2 overexpression. All plants were dark adapted for 30 min prior to light exposure. Values are means 6 SD (n = 12). ** P , 0.01 (t test).
Distinctive Expression Patterns of the BCH Family in Rice
In the rice genome, there are two homologs of DSM2/ OsBCH1, designated OsBCH2 (LOC_Os04g48880) and OsBCH3 (LOC_Os10g38940), showing 82% and 75% identity to OsBCH1, respectively. We compared the expression patterns of the three members of the rice BCH family (Fig. 9A) . Under drought stress, the DSM2 transcript level was increased, reaching 7-to 8-fold induction at day 3 after treatment, but the expression of OsBCH2 was decreased significantly 2 d after drought stress, and slight induction was observed for OsBCH3. Compared with the strong induction (9-to 10-fold) of DSM2 by UV light, OsBCH2 and OsBCH3 were only slightly induced. However, OsBCH3 was strongly induced by light, whereas DSM2 and OsBCH2 were repressed by light. Cold stress caused slight suppression of DSM2, but OsBCH2 and OsBCH3 were slightly induced; they were also induced by heat stress, which had no effect on DSM2 expression. The distinctive expression pattern of DSM2 compared with those of the other two members under abiotic stress implies that DSM2 may play a distinctive role in stress responses. In addition, DSM2 showed a distinctive expression profile compared with those of OsBCH2 and OsBCH3 during vegetative and reproductive development, whereas OsBCH2 and OsBCH3 showed similar expression patterns in most of the tissues and organs (Supplemental Fig. S6 ).
The distinctive expression patterns of rice BCH members may imply a divergence in the promoters of these genes. Therefore, we compared proximal promoter regions (-2,000 to +100 bp relative to the initiation of transcription) and noticed distinctive enrichment of a few stress-responsive cis-elements, such as ABRE and MYB binding site MBS in the promoter of DSM2, and enrichment of the light response-related G-box in the promoters of OsBCH2 and OsBCH3 (Fig.  9B) . The difference in its promoter further supported the distinctive role of DSM2 of the rice BCH family in stress responses.
DISCUSSION
Sessile plants have evolved sophisticated mechanisms to deal with the ever-changing environment during their growth and development. ABA and its precursor carotenoids play important roles in plant responses to stresses, and carotenoids such as zeaxanthin can directly decrease oxidative damages (Davison et al., 2002; Johnson et al., 2008) . In Arabidopsis, overexpression of the BCH gene resulted in the increased conversion of b-carotene to xanthophylls and enhanced the tolerance of high-light stress (Davison et al., 2002) . Tobacco plants overexpressing a BCH gene (crtZ) showed less lipid peroxidation than the wild type after UV light treatment (Gö tz et al., 2002) . In contrast to the intensive molecular and genetic studies of zeaxanthin biosynthesis (BCH) genes in Arabidopsis, the BCH gene has not been reported in rice. Here, we report that the rice BCH gene DSM2 plays a critical role in drought resistance, as supported by data from both the mutant and overexpression lines. To the best of our knowledge, this is the first report of a BCH gene conferring drought resistance in plants with direct evidence.
Mechanism of Drought Resistance Conferred by DSM2
BCHs function in the enzymatic reactions to produce zeaxanthin, a main member of the xanthophyll cycle and an upstream substrate for ABA synthesis. Previous analysis predicted that Arabidopsis CYP97A3 and CYP97C1 are chloroplast proteins based on chloroplast-targeting sequences (Tian et al., 2003; Inoue, 2004; Nambara and Marion-Poll, 2005) . Proteomics analysis identified three hydroxylases (CYP97A3, CYP97C1, CYP97B3) in the Arabidopsis chloroplast proteome (Zybailov et al., 2008) . In this study, DSM2 was confirmed to localize in chloroplast by transient expression in Arabidopsis mesophyll protoplasts and western blot of chloroplast protein. Although we failed to obtain adequate soluble DSM2 protein expressed in E. coli to perform an enzymatic assay in vitro, the results of chloroplast localization of the protein and the measurements of carotenoids and ABA strongly support DSM2 as a functional BCH in rice.
Increasing evidence suggests that carotenoids are required for plant response to dehydration stress (Thompson et al., 2007; Jayaraj and Punja, 2008) . The hypersensitivity of the dsm2 mutant to drought stress and the significant changes of carotenoids (especially zeaxanthin) under the stress suggest that DSM2 plays a critical role in dehydration tolerance via carotenoids. In this study, significant reductions of the xanthophyll cycle and endogenous ABA level were detected in the dsm2 mutant. In plants, the xanthophyll cycle plays key roles in photoprotection (Niyogi et al., , 2001 and could enhance the ability of ROS scavenging. In Arabidopsis, the b1b2 double mutant had a reduced xanthophyll cycle and insufficient endogenous ABA production (Tian et al., 2003; Kim et al., 2009) . The dehydration and increased ABA trigger the closing of stomata to control the water loss from plants via transpiration to the atmosphere (Schroeder et al., 2001) . Most ABA-deficient mutants, such as osaba1 and psh3-1, lose water faster than the control (Agrawal et al., 2001; Fang et al., 2008) . Compared with these reported ABA-deficient mutants, the dsm2 mutant showed less reduction of ABA synthesis. However, the dsm2 mutant still showed significantly reduced stomatal closure and lost water faster than the wild type under the drought stress. In addition, the drought-induced expression levels of a few ABAdependent stress-responsive genes in the mutant are significantly lower than in the wild type. Together, these findings suggest that the drought-hypersensitive phenotype of dsm2 resulted from the combination of reductions of the xanthophyll cycle and ABA level.
Carotenoids perform a variety of critical roles in chloroplast photosystem structure, light harvesting, and photoprotection (Green and Durnford, 1996; Tracewell et al., 2001) . Carotenoid-defective mutants, such as psh1, psh2, psh3, and psh4 of rice, b1b2lut1lut5 quadruple mutant of Arabidopsis, and tomato wf, Figure 7 . Water loss, relative water content, and stomatal conductance assay. A, Water loss assays for the leaves of the dsm2-1, wild-type (WT'), and DSM2-overexpressing lines were performed within 29 h. B, Relative water content (RWC) of rice leaves after 10 d of drought stress in PVC tubes. C, The aperture stomata observed with a scanning electron microscope. D, Statistical analysis of opening stomata. Values are means 6 SD (n = 6 for water loss rate, n = 3 for other measurements). ** P , 0.01. displayed albino phenotypes (Galpaz et al., 2006; Fang et al., 2008; Kim et al., 2009 ). Under strong light or oxidative stress conditions, photosynthetic electron transport in the thylakoid membrane often generates excessive ROS, which can be subsequently scavenged by local carotenoids. Although ROS can act as signal molecules, for example, mediating intensive carotenoid synthesis during chromoplast differentiation (Bouvier et al., 1998) , excessive ROS induced by severe stresses can cause cell damage (Lokstein et al., 2002; Mittler et al., 2004) . In this study, we found that the dsm2 mutant was sensitive to oxidative stress. The dsm2 mutant had slightly increased relative SOD activity under normal conditions, which might be explained by a transient feedback stimulation of the ROS-scavenging system caused by the defect in the xanthophyll cycle. After drought stress, however, the relative SOD activity in the mutant was significantly lower than in the wild type, which suggests that ROS scavenging in the mutant cannot be induced as efficiently as in the wild type to cope with the increasing drought-caused oxidative stress, mainly due to the significantly reduced induction of the xanthophyll cycle. The increased sensitivity of dsm2 to oxidative stress was confirmed by applying UV light and MV to the mutant. In addition, the expression changes of two peroxidase genes, POX22.3 and POX8.1, before and during the stress are consistent with the sensitivity phenotype of dsm2 to oxidative stresses. These results together demonstrate the important role of DSM2 in oxidative stress tolerance.
To verify the function of DSM2 in stress tolerance and evaluate its effect on improving drought resistance in rice, we generated DSM2 overexpression transgenic rice. When the overexpression lines were treated with drought, salt, UV light, cold, and heat stresses, significant differences were observed for drought, salt, and UV light stresses. These results suggest that DSM2 functions mainly in dehydration and oxidative stresses. The level of zeaxanthin, the enzymatic product of DSM2, and a few parameters related to the xanthophyll cycle (e.g. NPQ, F v /F m , SOD) were significantly higher as expected in the overexpression lines than in the wild type under the stress conditions, further supporting the role of DSM2 in stress resistance through the control of the xanthophyll pool. Unexpectedly, however, the ABA level in the DSM2 overexpression rice showed no significant change under normal conditions, which contrasts to the results of overexpression of other rate-limiting genes for ABA biosynthesis. Nevertheless, the level of ABA in the overexpression rice was slightly higher than in the control after the Figure 8 . Expression of 16 stress-related genes in dsm2-1, the DSM2 overexpression line, and the control detected by real-time PCR. The y axis shows relative expression level normalized to the wild type (WT') under normal conditions. The putative stress-related genes encode diverse proteins, including late embryogenesis abundant protein, ABA biosynthesis enzymes, protein phosphatase, zinc finger, and bZIP transcription factors. DR, Drought treatment.
drought stress, which might be explained by a positive effect of the increased zeaxanthin level on the downstream reactions in the ABA synthesis pathway when the downstream genes are induced under the stress conditions. In addition, we noted that the root growth of the overexpression lines under drought conditions was slightly better than in the wild-type control (data not shown), which may also have contributed to the improved drought resistance.
Functional Redundancy and Specificity of the BCH Family
The BCHs are widely distributed in all photosynthetic plants and some photosynthetic and nonphotosynthetic primitive organisms (Kim et al., 2009 ). Carotenoids participate not only in ABA biosynthesis but also in chloroplast development (Fang et al., 2008) . The dsm2 mutant seems not like the mutants of other genes for carotenoid synthesis in rice, such as psh1, psh2, psh3, and psh4, which are single-copy genes in the genome, and displayed strong phenotypic changes related to ABA deficiency such as preharvest sprouting (Fang et al., 2008) . For comparison, we exposed psh3-1 to the stress treatments and found that it was also sensitive to drought stress (Supplemental Fig. S7 ). In the dsm2 mutant, a significantly reduced ABA level was detected under the drought stress conditions, but no preharvest sprouting phenotype was observed. In addition, the dsm2 mutant showed weaker defects in F v /F m and NPQ capacity than the psh3-1 mutant (Fig.  5) . These results may suggest that the loss of function of DSM2 can be partially compensated by other members in the BCH family.
In Arabidopsis, two BCH mutants, b1 and b2 for BCH1 and BCH2, respectively, have been reported. Both BCH1 and BCH2 had high activity toward b-rings but weak activity toward «-rings of b-carotene in the photosynthetic apparatus (Tian et al., 2003) . However, unlike dsm2, which was markedly impaired in NPQ, the NPQ capability of the b2 mutant was similar to the wild type, and knockout of the BCH2 gene had no impact on carotenoid composition. In the b1 mutant, only about a 10% reduction in NPQ was detected. The difference of NPQ reduction in b1 and b2 was mainly due to the expression of BCH1 rather than BCH2 (Pogson et al., 1998; Lokstein et al., 2002) . Genetic and molecular biology studies suggested that carotene hydroxylases can be partially complemented by each other. However, the tomato mutant wf with a defect in a BCH gene resulted in an 80% reduction of total carotenoid concentration in petals (Galpaz et al., 2006) . In rice, the carotene hydroxylase genes have a different dynamic expression pattern (Supplemental Fig. S6 ). These results suggest that, despite functional redundancy of the BCH family at the protein or enzyme level, different members may function with different amplitudes and thus cause distinctive phenotypes.
In Arabidopsis, the b1b2, lut1b1, and lut1b2 double mutants had lower F v /F m and NPQ than b1 and b2 single mutants, and the lut1b1b2 triple mutant had a very rapid initial induction of NPQ, suggesting that photoprotection may be an important function of BCHs (Tian et al., 2003; Fiore et al., 2006) . In this study, the single mutant dsm2 (defect in OsBCH1) showed a very significant reduction in zeaxanthin as well as F v /F m and NPQ, which was not significantly changed in the Arabidopsis b1 and b2 single mutants. In fact, the reduction of zeaxanthin synthesis in dsm2-1 was even stronger than that in the b1b2 double mutant. This implies that DSM2 may be a major enzyme for zeaxanthin biosynthesis in rice.
The stress-induced expression profile of DSM2 is distinctive from the other two members of the BCH family. DSM2 was strongly induced in vascular tissues by drought stress as well as other dehydration stresses. In addition, OsBCH2 and OsBCH3 showed high expression at the seedling stage, whereas DSM2 had a high expression level in mature tissues, especially at the panicle development stage (Supplemental Fig. S6 ). The distinctive expression pattern suggests that DSM2 plays an indispensable role in response to stresses, especially dehydration stresses. In fact, the mutant or RNA interference plants for the two DSM2 homologs, OsBCH2 and OsBCH3, showed no obvious change in drought resistance (data not shown). A distinctive phenotype of a mutant in the BCH family resulting from distinctive expression has also been reported in tomato. The tomato wf mutant, impaired in the gene CrtR-B2 specifically expressed in flower and fruit, exhibits a white-flower phenotype that cannot be complemented by the homologous gene CrtR-B1 (Galpaz et al., 2006) . Different expression profiles often result from sequence variation in the promoters. Enrichment of putative ABRE and MYB binding sites was found in the DSM2 promoter. These elements have been well characterized for their roles in response to salt and drought stress (Yamaguchi-Shinozaki and Shinozaki, 2005; Zhang et al., 2005) . OsBCH3 contains enriched G-box elements, and this gene was indeed induced by light. These results suggest that the three rice BCH genes have undergone selection in their promoters and DSM2 has evolved more specifically in stress responses than the other two members.
Because the CYP97 and BCH families are closely related for hydroxylation of carotene, we further checked the evolutionary relationship of the two families. Both families have three members in the rice genome. In Arabidopsis, there are three CYP97 and two BCH members Kim et al., 2009 ). According to the unrooted phylogenetic tree constructed with BCH and CYP97 protein sequences from 30 organisms including bacteria, algae, and monocot and dicot plants (Supplemental Fig. S8 ; Supplemental Tables S1 and S2), the BCHs can be classified into three subgroups: (1) monocots, (2) dicots, and (3) cyanobacteria and algae. There are multiple members in each plant species, but only a single gene in cyanobacteria and algae. Gene duplications of monocot BCH members appear to have occurred after the split of monocot and dicot plants. The CYP97s can be classified into four subgroups: (1) cyanobacteria, (2) monocots, (3) dicots, and (4) algae. Interestingly, the rice CYP97 members are distributed in all the subgroups except the cyanobacterial subgroup, which may imply that amplification of CYP97 ancestral genes occurred before the evolutionary divergence of algae and higher plants. Interestingly, phylogenetic analysis of CYP97 suggested that homologs of the CYP97 ancestor occurred in photosynthetic bacteria before the divergence of green algae and plants (Supplemental Fig.  S8 ). The phylogenetic results suggest that BCH may be an important ancestral gene family exposed to strong selective pressure during evolution.
In conclusion, this study reports characterization of a BCH gene (DSM2) in rice. This gene plays a critical role in stress resistance, especially for drought and oxidative stresses, via control of the xanthophyll cycle and ABA level. Overexpression of DSM2 in rice resulted in significantly increased drought resistance, suggesting that it is a promising candidate gene for drought improvement in crops. The distinctive expression pattern of the DSM2 gene compared with the other members of the family under stress conditions and the dsm2 mutant phenotype suggests an indispensable role of DSM2 in drought resistance. Further research is needed to understand how the BCH members in rice function coordinately to fine-tune the level of xanthophylls and ABA in different stress responses and developmental processes.
MATERIALS AND METHODS
Plant Materials, Stress Treatments, and Physiological Measurements
Mutant dsm2-1 rice (Oryza sativa; ZH11 background) was obtained from the Rice Mutant Database (http://rmd.ncpgr.cn/; Zhang et al., 2006) , and its allelic mutant dsm2-2 (Hwayoung background) was ordered from the POST-ECH Rice T-DNA Insertion Sequence Database (http://www.postech.ac.kr/ life/pfg/risd/; Jung et al., 2003; Jeong et al., 2006) . The homozygous mutant and the wild-type genotype segregated from the heterozygous mutant were identified by PCR analysis using a pair of genomic primers flanking the insertion site and a primer on the T-DNA.
To check the transcript levels of genes under stress, ZH11 rice plants were grown in a greenhouse with a 14-h-light/10-h-dark cycle. Seedlings at the four-leaf stage were treated with ABA or abiotic stresses. ABA treatment was conducted by spraying 200 mM ABA on leaves followed by sampling at 0, 0.5, 3, and 6 h after spraying. For UV light stress, seedlings were transferred to a tissue culture room with UV light (emission peak at 254 nm, 1,100 mW cm 22 at plant level [TUV30W; Philips]), sampled at 0, 6, and 12 h, and recovered at 24 h. For cold and heat shock stresses, seedlings were transferred, respectively, to a growth chamber at 4°C and sampled at 0, 2, 12, and 24 h and at 42°C and sampled at 0, 0.5, 2, 6, and 12 h after treatment. For drought stress, the seedlings were grown for 4 d without water and sampled when the leaves showed slight rolling (noted as day 1 of the sampling regime). For salt stress, the seedlings were irrigated with 200 mM NaCl solution and sampled at the designated time. For light inducement, rice was germinated and grown in a dark room to the two-leaf stage and then placed in an incubator for continuous light treatment and sampled at 0, 3, 8, and 24 h. For drought testing of mutant and overexpression lines, seeds of T1 or T2 overexpression lines and dsm2 mutants were germinated on Murashige and Skoog medium with 50 mg L 21 hygromycin. For drought stress at the seedling stage, overexpression (or mutant) and control plants, each occupying half of each pot, were grown to the four-leaf stage, and water supply was stopped to allow the development of drought stress. After severe drought stress (all leaves wilted) and recovery, the survival of plants was photographed and recorded. Drought stress testing at the reproductive stage was performed under two growth conditions: one in a refined paddy field facilitated with a movable rain-off shelter, and the other in PVC pipes (1 m in height and 0.2 m in diameter). The details of drought treatment and trait measurement were the same as in a previous report (Yue et al., 2006) . Water loss rate of detached leaves, relative water content, and photosynthesis rate were measured as in our previous study (Hu et al., 2006) . Stomatal closure was monitored by scanning electron microscopy (JSM-6390LV; JEOL). Chlorophyll fluorescence was measured in seedling leaves using a Hansatech FMS-2 chlorophyll fluorometer. Twelve plants were measured for each genotype. For UV light stress, two-leaf stage seedlings were exposed to UV irradiation for 20 h and then recovery in the tissue culture room.
Plasmid Construction and Rice Transformation
To generate the DSM2 overexpression constructs, the full-length cDNA of DSM2 was amplified from ZH11 rice by reverse transcription (RT)-PCR. The PCR product was cloned into TOPO-D entry vector and introduced into destination vector pCB2004H (under the control of the 35S promoter) by LR reaction following the manufacturer's instructions (Invitrogen). To generate the DSM2-FLAG overexpression constructs, the full open reading frame fragment was inserted into the p1301U-FLAG vector as described previously (Sun and Zhou, 2008) . To investigate the expression profile of DSM2, a genomic DNA sequence from DSM2 promoter regions (-2,000 to +100 bp relative to the initiation of transcription) was cloned into vector DX2181, placed in front of the GFP reporter gene. These constructs were introduced into japonica ZH11 rice by Agrobacterium tumefaciens-mediated transformation (Lin and Zhang, 2005) .
Subcellular Localization Assays of DSM2
To investigate the subcellular localization of the DSM2 protein, the full open reading frame of DSM2 was cloned into pM999-33 vector, fused with the GFP reporter gene. Plasmids were purified using Qiagen columns according to the manufacturer's protocol. The plasmids were introduced into Arabidopsis (Arabidopsis thaliana) protoplasts according to a previously reported method (Yoo et al., 2007) with minor modifications by using 5 mg of plasmids. The expression of the fusion construct was monitored after 20 h of incubation in a dark room, and images were captured with a confocal microscope (TCS SP2; Leica).
To confirm the chloroplast localization of DSM2 by western blot, 5 g of four-leaf-stage leaves from the DSM2-FLAG transgenic seedlings was used for chloroplast isolation following the protocol provided in the Chloroplast Isolation Kit (Sigma). The chloroplast proteins were isolated by lysis buffer (10 mM Tricine, 2 mM EDTA, 2 mM dithiothreitol, 10% glycerol, and 0.0025% phenylmethylsulfonyl fluoride), separated on a 12% SDS-PAGE gel, and then transferred to a polyvinylidene difluoride membrane. The membrane was incubated with anti-FLAG antibody, and western blotting was conducted according to a standard protocol.
Quantification of Carotenoids and ABA
The quantification of carotenoids was performed as described previously (Fraser et al., 2000) . Briefly, a reverse-phase YMC 5-mm C30 column (250 3 4.6 mm) with a methanol/tert-methyl butyl ether-based mobile phase was used for HPLC with Agilent 1100 series. Using chromatography, the elution was monitored continuously from 200 to 600 nm by the detector. Peaks were normalized relative to the internal standard as described (Schaub et al., 2005) . For ABA extraction, 100 mg of four-leaf-stage seedlings before and after drought stress was extracted two times with 2 mL of extracted buffer (80% [v/v] methanol containing 1 mM butylated hydroxytoluene). Quantification of ABA was performed by an Applied Biosystems 4000Q-TRAR liquid chromatography-mass spectrometry system with stable isotope-labeled ABA as a standard from OlChemIm according to previously described methods (Agrawal et al., 2001; Luo et al., 2006) .
Quantitative PCR and Northern-Blot Analysis
Total RNA was isolated from rice leaves using Trizol reagent (Invitrogen). The first-strand cDNA was synthesized using SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Real-time PCR was performed on an optical 96-well plate in an ABI Prism 7500 real-time PCR system (Applied Biosystems) by using SYBR Premix ExTaq reagent (TaKaRa). The relative expression level of the gene was determined with the rice Actin1 gene as an internal control. The relative expression levels were identified as described previously (Livak and Schmittgen, 2001) . For semiquantitative RT-PCR, reactions were performed in 50-mL volumes with the following protocol: one cycle of 94°C for 4 min and 26 cycles of 94°C for 30 s, 50°C for 30 s, and 68°C for 50 s. The gene-specific primers are listed in Supplemental Table S3 . For northern-blot analysis, 15 mg of total RNA was transferred to a Hybond nylon membrane (Amersham) and hybridized with a 32 P-labeled DSM2-specific probe, and the images were captured by autoradiography on Fujifilm FLA-5100.
Biochemical Assays Related to Oxidative Stresses
SOD activity was measured essentially as described previously (DeLong et al., 2002) with the reaction containing 0.05 M potassium phosphate (pH 7.8), 13 mM Met, 0.01 mM EDTA, 0.002 mM riboflavin, and 0.075 mM nitroblue tetrazolium. The activity of SOD was quantified by recording the inhibition of nitroblue tetrazolium in the reaction with protein extract and the control without protein extract by using a DU640 spectrophotometer (Beckman) at a wavelength of 560 nm. For quantification of malondialdehyde, 0.5 g of leaf tissue was ground in 5% TCA and centrifuged at 3,000 rpm for 10 min, and then 2 mL of the supernatant, mixed with 0.67% thiobarbituric acid, was boiled for 30 min and measured using the DU640 spectrophotometer at wavelengths of 450, 532, and 600 nm. The final quantity of malondialdehyde (mmol L 21 ) was calculated by the following formula: 6.45 3 (A 532 -A 600 ) -0.56 3 A 450 .
Chlorophyll content was measured according to the method reported by Ritchie (2006) .
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number AK287823.
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